Introduction
dynamin is recruited to caveolae as well as to clathrin-coated pits (Henley et al., 1998; Oh et al., 1998) . As dynamin is involved in vesicle budding, this suggested that caveolae can bud from the plasma membrane. Recent identification of further caveolar components is discussed later in this Commentary.
Several observations argued against simply equating clathrinindependent endocytosis with budding of caveolae. Not all endocytosis is blocked by the dynamin-2 dominant-negative mutant (which blocks clathrin-dependent and caveolar endocytosis) (Damke et al., 1995) , and early endocytic compartments that arise without clathrin-coated pits and are devoid of caveolin can be identified (Sabharanjak et al., 2002) . Photobleaching studies revealed that caveolin 1, and hence most caveolae, is strikingly immobile in the plasma membrane of common tissue-culture cells and does not bud into the cell frequently enough to account for estimated levels of clathrin-independent endocytosis (Thomsen et al., 2002) . These observations have led to the use of the designation 'clathrin-and caveolin-independent endocytosis' for further endocytic mechanisms. This is clearly an unsatisfactory negative definition but, until very recently, progress in better-defining endocytic pathways has been hampered by a number of factors, as discussed below.
Criteria for defining endocytic pathways
The number and molecular identity of clathrin-and caveolinindependent endocytic mechanisms is still not completely resolved. A number of tools and approaches for defining different endocytic pathways have been used, and these are discussed critically below. Different types of endocytosis can also be defined by following the endocytosis of different viruses. This large field has been covered in recent reviews (Marsh and Helenius, 2006; Rojek and Kunz, 2008; Smith and Helenius, 2004) , and is not covered in detail here.
Morphology
The ultrastructural morphology of nascent endocytic intermediates at the plasma membrane provides the simplest way of defining endocytic pathways. Four different types of structure have been reported: clathrin-coated pits, flask-shaped structures without an electron-dense coat (which can be defined morphologically as caveolae), more polymorphous or tubular membrane invaginations and vesicles, and larger macropinocytic vesicles (Fig. 1 ). These observations provide the basis for the classification of endocytic pathways that is used in this Commentary. Invaginations in the plasma membrane do not, however, always represent forming endocytic intermediates, and a purely ultrastructural classification does not necessarily reflect specific molecular mechanisms. Also, structures that appear as elongated or 'tubular' by light microscopy may well not be uniform tubes when visualized at the ultrastructural level -the image shown in Fig. 1 of an invagination involved in the internalization of Shiga toxin exemplifies this point, as discussed below (Romer et al., 2007) . Ultrastructural data therefore need to be combined with other approaches, most obviously the identification of pathway-specific and functionally relevant proteins. Several recent papers provide evidence that, in the case of both endocytic tubes and caveolae, alternate sets of protein machinery can lead to the formation of morphologically similar structures (Frick et al., 2007; Lundmark et al., 2008; Romer et al., 2007; Zhao et al., 2002) . This is discussed in detail below.
Pathway-specific cargos
Clathrin-coated pits are extremely efficient sorting machines, and can drive the concentration of membrane receptors (for example, the transferrin receptor) in the forming vesicle to at least an order of magnitude higher than that in the rest of the plasma membrane (Hansen et al., 1992; Merrifield et al., 2005) . For this reason, it makes good sense to use uptake of transferrin as a read-out of the activity of clathrin-coated pits. Unfortunately, it is not yet clear whether there is similarly efficient sorting during other types of endocytosis.
Some of the best evidence for clathrin-and caveolin-independent endocytosis comes from studies on glycosylphosphatidylinositol (GPI)-anchored proteins (Mayor and Riezman, 2004; Nichols et al., Journal of Cell Science 122 (11) Clathrin, adaptors Endocytic pathways can be classified by the ultrastructure of the relevant membrane-transport intermediates as they form at the plasma membrane, coupled with currently emerging information about the molecules that are directly involved in the biogenesis of these intermediates. The electron micrographs shown are our unpublished images (*), or are reproduced from Romer et al. (Romer et al., 2007 ) (**) and Swanson and Watts (Swanson and Watts, 1995 ) (***), with permission. Note that the micrograph showing a putative macropinosome is not at the same scale as the others -caveolae are around 60 nm across, the coated pit shown is about 80 nm across, and macropinosomes can be more than 5 μm in diameter.
2001; Sabharanjak et al., 2002) , and the literature on endocytic sorting of these proteins exemplifies the difficulties in defining clathrin-independent endocytic pathways in terms of specific cargos. In general, GPI-linked proteins are taken up slowly, with a halftime in the order of minutes to hours (Mayor and Riezman, 2004) . Their uptake is not blocked by perturbations that disrupt clathrincoated-pit formation, and they can be detected in a population of early endosomal organelles referred to as GPI-enriched early endosomal compartments, or GEECs (Sabharanjak et al., 2002) . Importantly, when the extracellular domain of a specific GPI-linked protein was transferred to a heterologous transmembrane domain, it was excluded from the GEECs -hence the designation GEEC (Sabharanjak et al., 2002) . It is not clear, however, that GPI-linked proteins are found at a much higher density per unit area of membrane in GEECs than in the plasma membrane, and careful analysis of the nanoscale organization of GPI-linked proteins did not reveal clustering or concentration in structures more than a few nm across (Sharma et al., 2004b) . Indeed, there is some consensus that GPI-linked proteins have a more-or-less uniform distribution in the plasma membrane at the level of resolution of the light microscope (Glebov and Nichols, 2004; Kenworthy et al., 2004; Munro, 2003) and, despite intensive investigation, they have yet to be directly visualized being concentrated in nascent endocytic structures. It is thus not known what factors predominate during sorting of GPI-linked proteins, and exclusion from coated pits might plausibly have as significant a role as concentration in other types of endocytic carrier (Nichols, 2003a; Nichols et al., 2001) . In light of all this, it is likely that GPI-linked proteins can enter the cell via multiple pathways. Another class of widely used marker for clathrin-independent endocytosis is glycosphingolipids, uptake of which is tracked either by the addition of exogenous fluorescent glycosphingolipid analogs or glycosphingolipid-binding toxins, the most widely used being cholera toxin. Here again, there is good evidence for uptake through multiple mechanisms, and a substantial fraction of internalized glycosphingolipid can, at least in some cell types, enter the cell via clathrin-coated pits (Cheng et al., 2006; Puri et al., 2001) . In some cells, cholera toxin is concentrated in caveolae (Parton, 1994; Pelkmans and Zerial, 2005) , but in others it appears not to be (Nichols, 2003b) . In short, attempts to classify different types of clathrin-independent endocytosis using specific cargos have yet to bear fruit. As more is revealed about the mechanisms of alternate endocytic pathways, this might change.
Pathway-specific inhibitors
Differential susceptibility to inhibitors provides another way of discriminating between the activities of different sets of endocytic machinery. Earlier experiments using treatments that block endosomal acidification or alter the pH of the cytoplasm to perturb coated-pit function provided the first evidence for clathrinindependent endocytosis (Moya et al., 1985; Sandvig and van Deurs, 1990) . Several reports highlight that clathrin-independent endocytosis is susceptible to depletion of cholesterol from the plasma membrane (Nichols, 2003a) . However, these experiments need to be carefully controlled because, if enough cholesterol is removed, effects on permeability of the membrane and its association with the cytoskeleton lead to disruption of multiple cell functions, including the formation of clathrin-coated pits themselves (Hao et al., 2001; Kwik et al., 2003; Rodal et al., 1999) .
Clathrin-independent endocytic pathways can be classified as dynamin-dependent or dynamin-independent. It has been known for over 10 years that endocytosis persists in cells overexpressing a GTPase-inactive form of dynamin 2, and data from fly cells, in which genetic tools are available to acutely perturb dynamin function, are consistent with the idea that not all endocytosis requires dynamin (Guha et al., 2003) . In mammals, there are three dynaminencoding genes, which have different patterns of expression (McNiven et al., 2000) , and each can be alternatively spliced, raising the possibility that different splice variants are involved in different types of endocytosis (McNiven et al., 2000) . Evidence in support of this suggestion comes from experiments in which different splice variants of dynamin 2 are added back to cells that have been treated with dynamin-2-depleting siRNAs (Cao et al., 2007) . The recent development of a small-molecule inhibitor of dynamin GTPases will allow further experiments that should better define dynaminindependent endocytosis (Macia et al., 2006) . Dominant-negative mutants of small Ras-superfamily GTPases (which are locked in GDP-bound forms) have differential effects on clathrin-independent endocytosis, and so these experiments provide evidence for multiple clathrin-and caveolin-independent pathways (Mayor and Pagano, 2007) . Endocytosis is perturbed by the overexpression of dominant-negative Arf1, Cdc42, Arf6 and Rac1, and these mutant proteins provide a useful means of differentiating between different endocytic mechanisms under specific conditions of cell type and GTPase expression level (Kumari and Mayor, 2008; Lamaze et al., 2001; Naslavsky et al., 2004; Sabharanjak et al., 2002) . However, extrapolation to more general conclusions about the specific involvement of any of these GTPases in just one type of endocytosis is hampered by reports of different effects in different experiments -for example, overexpression of mutants of Arf6 blocks both uptake via clathrincoated pits and a clathrin-independent endocytic pathway (D' SouzaSchorey et al., 1995; Naslavsky et al., 2004; Palacios et al., 2002) , and overexpression of mutant Cdc42 blocks clathrin-independent uptake of GPI-linked proteins under some conditions (Sabharanjak et al., 2002) but can also perturb clathrin-mediated uptake of E-cadherin (Izumi et al., 2004) and macropinocytosis (Amstutz et al., 2008; Dharmawardhane et al., 1997; Garrett et al., 2000) . The identification of effectors downstream of small GTPases that regulate different types of endocytosis, and an understanding of how such effectors mediate vesicle formation, would clearly be a major step forward.
Molecular mechanisms for different endocytic pathways
Although ultrastructural evidence, analysis of uptake of different cargos and use of inhibitors all make useful contributions, ultimately a full understanding of the mechanism of different types of endocytosis requires information on the key molecules that interact with the plasma membrane at the 'business end' of the process of vesicle formation. Several papers published in the last 2 years suggest that such information is starting to be available (Amstutz et al., 2008; Frick et al., 2007; Karjalainen et al., 2008; Liberali et al., 2008; Lundmark et al., 2008; Romer et al., 2007) . From these studies (coupled with ultrastructural information), a classification of endocytic pathways on the basis of functionally important proteins that localize to forming transport intermediates at the plasma membrane can be derived. This is presented in Fig. 1 .
Macropinocytosis
Macropinocytosis refers to the generation of large endocytic vesicles (up to 5 μm in diameter), which is associated with the formation of actin-dependent membrane ruffles (Swanson and Watts, 1995) . It is not clear whether this morphological definition represents just one molecular mechanism for the key step of scission of the vesicle from the plasma membrane. The absence of a defined molecular mechanism for macropinocytosis has, moreover, meant that it is not known whether smaller endocytic vesicles (less than around 500 nm in diameter) are generated in essentially the same way as macropinosomes. Recent studies, some of which are discussed in the following paragraph, are beginning to provide tools to address these issues.
C-terminal binding protein 1 [CtBP1; also called brefeldin Adependent ADP-ribosylation substrate (BARS) (Corda et al., 2006; Weigert et al., 1999) ] is a transcriptional co-repressor (Chinnadurai, 2002) , and is also thought to function during membrane fission Colanzi et al., 2007; Hidalgo Carcedo et al., 2004; Weigert et al., 1999; Yang et al., 2005) . It was originally proposed that CtBP1 mediates fission through the acylation of lysophosphatidic acid and the associated alterations in membrane curvature (Weigert et al., 1999) , but further experiments revealed that CtBP1 is, in fact, unlikely to have acyltransferase activity (Gallop et al., 2005) . Recently, a role for CtBP1 in macropinocytosis has been demonstrated (Amstutz et al., 2008; Liberali et al., 2008) . CtBP1 is recruited to macropinosomes that are induced by high concentrations of epidermal growth factor (EGF), and loss of CtBP1 function reduces the frequency of formation of these structures . In addition, CtBP1 is required for the endocytosis of the human adenovirus in macropinocytic structures (Amstutz et al., 2008 ). The precise role of CtBP1 in these events is unclear, but it is a substrate for the p21-activated kinase PAK1 (Barnes et al., 2003; Bokoch, 2003; Liberali et al., 2008) . PAK1 is involved in the regulation of cytoskeletal dynamics, was previously shown to be present on macropinosomes and is activated by small GTPases, including Cdc42 and Rac1 (Dharmawardhane et al., 1997; Zhang et al., 1995) . Overexpression of mutants of CtBP1 that lack PAK1 phosphorylation sites blocks macropinocytosis , and PAK1 itself is required for the uptake of the picornavirus echovirus 1 (Karjalainen et al., 2008) . A separate study on the mechanism of cell entry for another virus, vaccinia, confirms that activation of PAK1 is associated with the formation of macropinosome-like structures (Mercer and Helenius, 2008) . Putting these data together, it now makes sense to talk of a PAK1-and CtBP1-dependent mechanism for macropinocytosis (Fig. 1) . Further experiments will be required to elucidate precisely what CtBP1 does during the formation of macropinosomes.
Caveolin-1-positive caveolae
Caveolae have been recognized as abundant and morphologically characteristic structures at the surface of many mammalian cell types since the early days of the application of electron microscopy to cell biology. The protein caveolin 1 is an abundant component of caveolae (Rothberg et al., 1992) . Progress on the mechanism by which caveolae bud from the plasma membrane has been made using simian virus 40 (SV40) as a marker because, at least in cells in which caveolin 1 is present, the virus is internalized in caveolin-1-positive vesicles (Pelkmans et al., 2001; Pelkmans et al., 2002) . These and other studies using fluorescent lipid analogs (Cheng et al., 2006; Sharma et al., 2004a) show that caveolar budding is a regulated process that requires Src-family kinases, dynamin and local actin polymerization (Sverdlov et al., 2007) .
The issue of whether caveolin proteins are directly required for endocytosis of any specific cargo remains, to some extent, open. SV40 clearly colocalizes with caveolin 1 when it is internalized into common tissue-culture cell lines (Pelkmans et al., 2001 ) yet, when uptake of the virus was followed in cells from caveolin-1-knockout mice, a surprising increase in the rate of SV40 internalization was observed (Damm et al., 2005) . These data, coupled with experiments showing that expression levels of caveolin 1 actually show a negative correlation with rates of internalization of putative caveolar ligands such as autocrine motility factor (Le et al., 2002) , have led to the suggestion that caveolins actually serve to stabilize particular ligands and membrane components at the plasma membrane (Lajoie and Nabi, 2007) . By contrast, innovative in vivo imaging approaches imply that caveolins have a key and highly active role in transcytosis (transport across a cell via endocytosis at one side and exocytosis at the other) of specific membrane proteins and ligands in endothelial cells (Oh et al., 2007) . Caveolar budding is likely to be a highly regulated process, and so whether recruitment to caveolae serves to stabilize ligands at the plasma membrane or leads to their rapid uptake might well depend on cellular context. In addition, there is always the possibility that signaling pathways that are responsible for controlling caveolar budding are in some way misregulated in cultured cell lines.
The defined shape and size of caveolae suggests a wellcontrolled and precise molecular architecture (Stan, 2002) . Until recently, however, caveolin proteins were the only candidates for structural components of caveolae. Independent biochemical purifications have identified the protein polymerase 1 transcript release factor (PTRF) as an additional caveolar component (Aboulaich et al., 2004; Vinten et al., 2005) . A reduction in cellular levels of PTRF expression causes loss of morphologically defined caveolae and increased turnover of caveolin 1 , and PTRFknockout mice lack caveolae . PTRF colocalizes with caveolin 1 in the plasma membrane, but not with the biosynthetic pool of caveolin 1 in the Golgi complex , leading to the suggestion that the recruitment of PTRF to caveolin-1 microdomains or oligomers is important for the transition of these regions of the membrane from being flat to adopting the characteristic caveolar morphology. RNAimediated knockdown of PTRF causes the same phenotypes as caveolin-1 knockdown in zebrafish, and phenotypes of PTRFknockout mice are similar to those of mice lacking caveolins, so PTRF is likely to be required for caveolar function as well as morphology .
Several intriguing questions are raised by these studies on PTRF. A truncation mutant of PTRF colocalizes well with microtubules , implying that the protein has a microtubulebinding site and hinting at a link between caveolae and the microtubule cytoskeleton. There are four homologs of PTRF in mammals (see www.treefam.org, accession TF331031), and two of them [serum deprivation-response protein (SDPR) and SDPRrelated gene product that binds to C-kinase (SRBC)] are also present in caveolae and are important for the recruitment of protein-kinase-C isoforms to these structures (Gustincich and Schneider, 1993; Gustincich et al., 1999; Mineo et al., 1998) . The fourth homolog, muscle-restricted coiled-coil protein (MURC), is expressed only in muscle and has a similar subcellular distribution to caveolin 3, the muscle-specific isoform of caveolin Tagawa et al., 2008 ). It seems probable, then, that all four homologs associate with caveolae and caveolins, and participate in their function.
Caveolae without caveolins -flotillin-dependent endocytosis?
Of the three caveolin proteins in mammals, caveolin 1 and caveolin 2 are widely expressed and hetero-oligomerize with each other. Caveolin 3 is only expressed in muscle. Knockout of the gene for caveolin 1 in mice causes loss of most caveolin-2 expression, and loss of most morphologically defined caveolae (Drab et al., 2001; Razani et al., 2001; Zhao et al., 2002) . Careful examination of endothelial cells in these mice, however, reveals residual caveolar structures, albeit with a slightly increased size (Zhao et al., 2002) (and see Fig. 2 ). Therefore, there is either an alternative noncaveolin-dependent mechanism for making caveolae, or caveolin 2 and caveolin 3 can somehow cause the formation of caveolae in these cells. Recent data from our laboratory favor the former explanation. The concomitant overexpression in HeLa cells of flotillin 1 and flotillin 2 [also called reggie 2 and reggie 1, respectively (Lang et al., 1998) ], two proteins with a similar topology to caveolin 1, generates structures that look like caveolae (Frick et al., 2007; Glebov et al., 2006) . Additionally, endocytosis of the GPI-linked protein Cripto (also known as CRGF), in complex with its ligand Nodal, takes place in flotillin-positive microdomains that look like caveolae by electron microscopy (Blanchet et al., 2008) . The interpretation of these results is, however, not completely clear-cut, as a separate investigation did not find an increase in the number of caveolar structures in embryonic fibroblasts from caveolin-1-knockout mice upon expression of flotillin 1 and flotillin 2 .
Several observations suggest that flotillin 1 and flotillin 2 define a specific endocytic pathway. Co-assembly of both flotillins causes the formation of microdomains in the plasma membrane that appear (in time-lapse images of live cells) to bud into the cell, and loss of flotillin-1 expression causes a reduction in the rate of uptake of the GPI-linked protein CD59 (Frick et al., 2007; Glebov et al., 2006) . Flotillin-positive microdomains and caveolin-positive caveolae share the ability to recognize and interact with antibody-induced clusters of GPI-linked proteins in the plasma membrane, hinting at some functional overlap between these structures (Stuermer et al., 2001 ), yet there is little or no colocalization between flotillins and caveolins in the plasma membrane (Fig. 3) . It should be stressed that, although there is some consensus that flotillins define specific plasma-membrane microdomains, their dynamics and their contribution to total uptake of GPI-linked proteins are still under active investigation and debate (Langhorst et al., 2008) .
The rate at which flotillin microdomains bud into the cell is, at least in common tissue-culture cells, likely to be much lower than the rate of budding of clathrin-coated pits (Glebov et al., 2006) . This implies that budding of flotillin microdomains, similar to that of caveolin-containing caveolae, might be a highly regulated process, and that flotillin-or caveolin-positive vesicles are not likely to be abundant in the cytoplasm (Bauer and Pelkmans, 2006; Thomsen et al., 2002) . Flotillins, similar to caveolins, have been reported to bind to Src-family kinases and, in both cases, mutation of specific tyrosine residues alters the subcellular distribution of these proteins (Neumann-Giesen et al., 2007; Stuermer et al., 2001; Sverdlov et al., 2007) . It has recently been shown that both flotillin 1 and flotillin 2 are endocytosed in response to the expression of active Fyn kinase, and that mutation of the relevant tyrosine residues within these proteins results in the formation of flotillin microdomains that are not fully competent for internalization (Riento et al., 2009 ). Thus, budding of both flotillins and caveolins is likely to be regulated by Src-family kinases. Understanding of the signaling events that act upstream of these kinases in vivo remains limited. 
Tubes and other structures
Ultrastructural data show that glycosphingolipids and other plasmamembrane components can be endocytosed in elongated, polymorphous structures that can be described as approximately tubular (Kirkham et al., 2005; Sabharanjak et al., 2002) . Experiments showing that crosslinking of glycosphingolipids by bacterial toxins can induce tubulation (Romer et al., 2007) , when coupled with previous observations of tubes involved in the uptake of GPI-linked proteins in the absence of crosslinking (Sabharanjak et al., 2002) , imply that there might be more than one mechanism that underpins the formation of endocytic tubes.
The glycosphingolipid-binding B-subunit of Shiga toxin (STB) can be internalized through multiple pathways, and there is evidence that it up-regulates its own uptake in clathrin-coated pits (Lauvrak et al., 2006) . Other data reveal that, in energy-depleted cells, STB induces pronounced tubulation of the plasma membrane (Romer et al., 2007) . STB is a pentamer, and each subunit of the pentamer can bind to three molecules of a specific glycosphingolipid, Gb3 (Bast et al., 1999; Kitova et al., 2005) . Thus, clustering of up to 15 copies of the glycosphingolipid appears to lead to the formation of membrane tubes through an unknown mechanism. These tubes do not colocalize with clathrin, and so might represent endocytic intermediates involved in the clathrin-independent internalization of STB that are unable to achieve scission from the plasma membrane in the absence of cellular energy sources such as ATP or GTP. The fact that STB also causes tubular deformations in liposomes (Romer et al., 2007) suggests that the reorganization of lipids alone is sufficient for this effect, although it remains possible that additional factors are recruited to, and help to form and stabilize, the tubes in cells. Dynamin is recruited to the STB tubes in energydepleted cells, and it is therefore probable that dynamin would be involved in scission of these tubes in unperturbed cells, if indeed they form even without energy depletion. This implies a mechanism for the recognition of the tubes by appropriate cellular machinery. Whether a similar effect to that exerted by STB is seen with physiological rather than pathological ligands, and whether STB induces membrane tubulation in non-energy-depleted cells, remains to be ascertained, but the finding that the clustering of lipids is sufficient to induce morphological changes in the plasma membrane suggests a paradigm for the generation of endocytic transport intermediates that differs fundamentally from those offered by coated pits and caveolar structures.
Separate experiments imply the presence of an additional mechanism for the generation of endocytic tubes. Both glycosphingolipids and GPI-linked proteins have been observed to be internalized in tubular intermediates, termed CLICs for clathrinindependent carriers (Kirkham et al., 2005; Sabharanjak et al., 2002) . These intermediates are clearly formed even without crosslinking of glycosphingolipids and, at least as determined by overexpression of dominant-negative GTPase-inactive dynamin mutants, do not require dynamin activity for scission from the plasma membrane (Sabharanjak et al., 2002) . CLIC formation is regulated by small GTPases, including Cdc42 and Arf1 (Kumari and Mayor, 2008) . Identification of the effectors downstream of these GTPases, and elucidation of how such effectors bend the plasma membrane into tubules and then pinch off these tubules from the cell surface, will be a major step forward.
Recently, the first specific protein component of CLIC-like transport intermediates was identified -GRAF1, which provides a marker for tubular structures involved in uptake of glycosphingolipids, GPI-linked proteins and bulk fluid. A reduction of GRAF1 expression causes a marked decrease in uptake of these markers (Lundmark et al., 2008) . GRAF1 contains distinct domains that suggest a direct role in membrane deformation and scissiona BAR domain (associated with the induction or sensing of membrane curvature), a pleckstrin homology (PH) domain {responsible for recruitment to the plasma membrane via binding to phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ]} and an SH3 domain [which has been shown to interact directly with dynamin (Lundmark et al., 2008) ]. The findings that GRAF1 binds to dynamin, and that dynamin is likely to be involved in processing GRAF1-positive tubes during endocytosis (Lundmark et al., 2008) , are currently difficult to reconcile with the previous reports of dynamin-independent CLIC formation and uptake of GPI-linked proteins (Sabharanjak et al., 2002) . It might well be that more data on the roles of different dynamin-2 isoforms, differences in susceptibility of different dynamin-requiring processes to overexpression of dynamin dominant-negative mutants, or further subdivision of CLIC-like carriers into mechanistically different classes will resolve this issue.
Potential functions of clathrin-independent endocytosis
One can now state with some degree of confidence that mammalian cells possess at least four different ways of internalizing different regions of the plasma membrane. This raises two questions -why have multiple pathways for endocytosis evolved, and what is the specific function of individual endocytic pathways? As yet the literature does not provide firm answers to these questions, but there are some clues.
Distinct fates for internalized proteins?
Two important studies on the correlation between the mechanism of receptor internalization, signaling outputs and the rate of degradation of the receptor suggest that clathrin-independent endocytosis is linked to degradation of the relevant receptors (Di Guglielmo et al., 2003; Sigismund et al., 2008) . In the case of the EGF receptor, stimulation with high concentrations of EGF resulted in clathrin-independent endocytosis and degradation, whereas, at lower concentrations, uptake via clathrin-coated pits and more prolonged intracellular signaling was observed (Sigismund et al., 2008) . These experiments provide support for the general concept that different types of endocytosis have different functional consequences for proteins involved in intercellular signaling, but it still remains unclear what role specific mechanisms of clathrinindependent endocytosis play. Moreover, experiments in different cells argued that, even at high concentrations of EGF, internalization takes place predominantly via clathrin-coated pits (Kazazic et al., 2006) , so it is not yet clear whether differential sorting of EGF receptors between different endocytic pathways is a general phenomenon.
Macropinocytosis is associated with membrane ruffling, and the extent to which this occurs in most cell types in vivo is unclear. At the higher concentrations of EGF used in the studies described above, a considerable amount of membrane ruffling and hence macropinocytosis has been observed, leading to the inference that macropinocytosis might result in the degradation of internalized EGF receptors Sigismund et al., 2008) . Most physiological studies on macropinocytosis focus on its role in the internalization of major histocompatibility complex (MHC) proteins in dendritic cells, in which actin-rich protrusions and associated large endosomal structures are readily observed (Falcone et al., 2006; Garrett et al., 2000) . It will be important to determine whether PAK1 and CtBP are specifically recruited to these structures, as they are to the macropinosomes that are generated by EGF stimulation of common tissue-culture cells .
Broader functions for caveolins and flotillins?
Caveolae are a striking and abundant feature of several cell types, including endothelial cells and adipocytes. It is not clear, however, whether budding from the plasma membrane is a ubiquitous feature of caveolar function in all contexts. Caveolae have been proposed to be important for many different processes, including lipid transport, and have been proposed to act as scaffolding or organizing platforms for signaling events, including nitric oxide synthase, endothelial (eNOS) activation and recruitment of protein-kinase-C isoforms to the plasma membrane (Garcia-Cardena et al., 1996; Mineo et al., 1998; Shaul et al., 1996) . In these cases, budding from the membrane might have a regulatory role, but there is currently still speculation about this. There is evidence that caveolae have an important role in transcytosis across endothelial cells (Minshall et al., 2003; Oh et al., 2007) , and this is a case in which budding from the membrane is obviously crucial. Intriguingly, transport of various markers from blood vessels to the surrounding tissues is not blocked in caveolin-1-knockout mice (Miyawaki-Shimizu et al., 2006; Schubert et al., 2002) . This could be due to increased permeability of the tight junctions between endothelial cells, but compensatory vesicle trafficking and transcytosis cannot be ruled out.
Flotillins have been associated with phagocytosis, control of the actin cytoskeleton, polarization of hematopoietic cells and other processes (Morrow and Parton, 2005) , but a role for budding from the plasma membrane in these processes has yet to be well characterized. In the case of both flotillins and caveolins, identification of membrane components that are concentrated in these structures would provide further insights into their function (Oh et al., 2007) .
A homolog of GRAF1, oligophrenin, is essential for the formation of dendritic spines and is often mutated in individuals with syndromic X-linked mental retardation (Govek et al., 2004; Zanni et al., 2005) . Providing a molecular link between these phenotypes and endocytosis remains a problem for the future.
Conclusion
The main purpose of this Commentary has been to present advances in the mechanistic description of endocytic pathways, and to argue for a classification of these pathways on the basis of ultrastructure and specific molecular determinants. There is clearly still much to do before the level of knowledge of clathrin-independent endocytosis catches up with the current knowledge of clathrincoated pits, in terms of understanding both the molecular details of membrane deformation and scission, and the function of different pathways in their physiological contexts. 
